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The catalytic properties of various metal nanoparticles have
led to theiruse inenvironmental remediation.Ouraim is todevelop
and apply an efficient bioremediation method based on in
situ biosynthesis of bio-Pd nanoparticles and hydrogen. C.
pasteurianum BC1 was used to reduce Pd(II) ions to form Pd
nanoparticles (bio-Pd) that primarily precipitated on the cell
wall and in the cytoplasm. C. pasteurianum BC1 cells, loaded
with bio-Pd nanoparticle in the presence of glucose, were
subsequently used to fermentatively produce hydrogen and to
effectively catalyze the removal of soluble Cr(VI) via reductive
transformation to insoluble Cr(III) species. Batch and aquifer
microcosmexperimentsusingC. pasteurianumBC1cells loaded
with bio-Pd showed efficient reductive Cr(VI) removal, while
in control experiments with killed or viable but Pd-free bacterial
cultures no reductive Cr(VI) removal was observed. Our
results suggest a novel process where the in situ microbial
production of hydrogen is directly coupled to the catalytic bio-
Pd mediated reduction of chromate. This process offers
significant advantages over the current groundwater treatment
technologies that rely on introducing preformed catalytic
nanoparticles into groundwater treatment zones and the costly
addition of molecular hydrogen to above ground pump and
treat systems.
Introduction
The catalytic properties of variousmetal nanoparticles have
led to a widespread interest in their use in environmental
remediation (1). For instance, numerous studies have
explored the use of Fe(0) nanoparticles to remove organic
and inorganic contaminants (2). Recently, the use of more
reactive nanoparticles composed of elements belonging to
the platinum group has been proposed. However, these
remediation strategies are limited by their ability to deliver
catalytic nanoparticles plus hydrogen as a suitable electron
donor to large treatment zones.
A new biologically inspired method to produce a nano-
palladium catalyst involves the precipitation of palladium
on a bacterium, resulting in the formation of bio-Pd: when
hydrogen is provided, certain bacterial species can reduce
Pd(II) and subsequently induce precipitation of Pd(0) nano-
particles on the cell wall andwithin the periplasmatic space.
Two Gram-negative model organisms have been primarily
used in this process: the metal-respiring bacterium Sh-
ewanella oneidensis (3) and the sulfate reducing bacterium
Desulfovibrio desulfuricans (4). The reactivity of Pd and bio-
Pdnanoparticles as important catalysts in chemical synthesis
(5) and toward various halogenated groundwater and soil
pollutants, such as chlorinated solvents (6) and polychlo-
robiphenyls (3, 7, 8) as well as hexavalent chromium (8-10),
has been reported. However, all these processes consist of
two-steps, where Pd nanoparticles are formed in a separate
reaction before contaminant treatment, thus making these
processes less suitable to treat subsurface contaminants.
Another limiting step is the need to apply hydrogen in situ,
which creates both a technical and financial challenge.
Indeed, hydrogen gas represented the largest operational
cost in pilot-scale reactors applying bio-Pd since large
amounts of hydrogen gas were required to charge the
nanocatalyst. For example, 60 L of hydrogen gas was needed
to remove 2.5 g of TCE in a plate membrane reactor (6).
Ideally, one would like to design a process for the in situ
creationof catalytically active nanoparticles that couples the
in situ production of H2, which will be used in the Pd
biocatalyzed reduction of contaminants. In thismanuscript,
we describe the proof of concept for this process and
subsequently demonstrate its applicability for the improved
remediation of chromium.
ClostridiumpasteurianumBC1 is ananaerobichydrogen-
producingmemberof theClostridiumgroup thatwas isolated
from a metal contaminated coal mining site (11) and has
been shown topossess biochemical pathways that efficiently
reduce various contaminant metals and radionuclides (12).
C. pasteurianum was selected as a model organism to
examine the viability of a process that combines bio-Pd
formationandthechargingof thebio-Pdcatalystwith reactive
hydrogenspecies.Hexavalentchromium,which is considered
to be one of the most prevalent inorganic pollutants and is
proven tobe acutely toxic,mutagenic, and carcinogenic (13),
was chosenasamodel contaminant. Its reduced form,Cr(III),
is not known to be carcinogenic (14) and can readily
precipitate as Cr(OH)3 under neutral to slightly basic pH.
Therefore, the reduction of Cr(VI) to Cr(III) is a key step in
the removal of Cr(VI) from aqueous solution (15).
The first objective of this studywas to examine the in situ
formation of Pd nanoparticles by C. pasteurianum. Ad-
ditionally, the concomitant microbial generation of Pd
nanoparticles and hydrogen was evaluated as a process to
immobilize chromateboth inaqueous solutionand inaquifer
microcosms.
Materials and Methods
Microbial Synthesis of Pd Nanoparticles. C. pasteurianum
BC1 (ATCC No. 53464) was grown according to Francis and
Dodge (16) in amedium containing (per liter) glucose, 5.0 g;
NH4C1, 0.5 g; glycerol phosphate, 0.3 g; MgSO4 ·7H2O, 0.2 g;
CaCl2 ·2H2O, 0.5 g; FeSO4 ·7H2O, 2.8 mg; peptone, 0.1 g; and
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yeast extract, 0.1 g. The pH of the medium was adjusted to
6.8 using 1MNaOH.Reagentswere deoxygenated by boiling
and purging with nitrogen, prior to being transferred to an
anaerobic glovebox where 22.5 mL aliquots of the medium
was dispensed into 33mL serumbottles. All gases usedwere
ultrahigh purity grade. The bottles were sealed with butyl
rubber stoppers and aluminumcrimps and autoclaved prior
to inoculation with C. pasteurianum. Cultures were grown
in an incubator (125 rpm shaker table, 27 °C) until reaching
the end of the log phase of growth (optical densitymeasured
at 600 nm, OD600 ) 0.6), which typically required ap-
proximately 18 h. Unless otherwise stated, all cultures were
then spiked with aqueous Pd(II) (1 g L-1 Na2PdCl4 stock
solution) to achieve an initial Pd(II) concentration of 100mg
L-1. Aqueous Pd(II) in the filtered supernatant of representa-
tive cultures was determined spectrophotometrically using
its complexation reaction with chromazurol (17). Control
experimentswere conductedwhereArwas bubbled through
the culture for 2 h prior to aqueous Pd(II) addition to purge
the biogenic hydrogen from the system. All liquid culture
experiments were performed in triplicate. Culture viability
and growth relative to a pure culture, which was grown in
parallel, was tested after every experiment by comparing the
time required for a 1 mL inoculation from every culture to
reach OD600 of 0.6 in fresh media.
Analysis of Morphology and Speciation of Bio-Pd in
Pure Batch Cultures. The bio-Pd loaded biomass was
harvestedbycentrifugation for20minat 5000 rpm.Analiquot
of thebio-Pd loadedbiomass pelletwas air-dried ona silicon
substrate and sputter-coatedwith gold for scanning electron
microscopy (SEM) analysis. The bio-Pd morphology and
spatial distributionwithin thebiomasswere examinedusing
a LEO 1550 SEM equipped with a Schottky Field-Emission
Gun.
Ultrathin sections (∼50 nm) of subsamples for transmis-
sion electron microscopy (TEM) were prepared with the
Ultracutmicrotome (Reichert-Jung A.G., Vienna, Austria) by
omitting OsO4 fixation, uranyl acetate incubation, and
Reynold’s lead citrate staining from thepreviously published
procedure by Mast and co-workers (18). Ultrathin sections
were placed on pioloform- and carbon-coated copper grids
and were examined using a Technai Spirit TEM (FEI,
Eindhoven, Netherlands) at 120 kV.
Subsamples of the biomass pellets were also air-dried on
a glass substrate for characterization by X-ray diffraction
(RigakuUltima III X-ray diffractometer). Subsamples of bio-
Pd loadedbiomasspelletswerealsocharacterizedusingX-ray
absorption fine structure spectroscopy (XAFS) at beamline
X11A at theNational Synchrotron Light Source (NSLS) using
a Si(311) monochromator crystal.
BatchStudiesofCr(VI)Reduction.Hexavalent chromium
[Cr(VI)] was added to bio-Pd suspensions using a 520mg L-1
K2CrO4 stock solution to achieve an initial Cr(VI) concentra-
tion of 26 mg L-1. As controls for Cr(VI) removal Pd free
living or autoclaved cell suspensions with an OD600 of 0.6
wereused.Theconcentrationof solubleCr(VI) in subsamples
removed from the cultures at different time intervals was
determined spectrophotometrically using its complexation
reaction with diphenylcarbazide in an acidic solution (19),
which had a working detection limit of 0.5 mg L-1.
AquiferMicrocosms.Thepure culturebatchexperiments
were repeated in the presence of quartz sand in order to
challenge bio-Pd formation and its catalytic activity within
a mineral matrix that mimics the porosity and permeability
of a loosely packed sandy aquifer. Sand microcosm experi-
mentswere performedusing chromatography columns (120
mL volume, 4.45 cm diameter, 33 cm height) (Chromatog-
raphyResearch Supplies 202242,USA) packedwith 175( 3 g
of size-fractionated quartz sand, which was held in place at
the inlet and outlet ports by layers of larger pebbles. The
influent was pumped into the bottom end of the columns
from anaerobic 2 L influent vessels using a peristaltic pump
(Watson Marlow, USA). The effluents were collected at the
top of the columns in separate 2 L vessels or diverted to
syringes for subsample collection at predetermined time
intervals. The columns were packed by alternatively adding
autoclaved sand and pumping growth medium to achieve
close packing and minimize preferential flow paths. Sub-
sequently a 10 mL C. pasteurianum BC1 inoculum, which
was previously grown until reaching the stationary phase
(OD600 ) 1.15), was injected directly into the column. Ini-
tially, the bacteria were allowed to attach to sand grains and
form biofilm coatings without flow for 18 h, after which the
same growth medium used in the batch studies (see
description above) was sent through the column at a flow
rate of 12.5mLh-1. This flow ratewas continued for between
6 and 8 h until anaerobic conditions were confirmed by
adding 1 mg resazurin L-1 to column effluent bottles. As an
abiotic control, an equivalent aquifer microcosmwas set up
with the addition of 0.5 M formaldehyde to the influent
medium, which is known to prevent bacterial growth and
biofilm formation (20).
Once anaerobic conditionswere established, the influent
solutions of the sand aquifer microcosm and abiotic control
were spiked with 50 mg L-1 of aqueous Pd(II) and pumped
into the columns during 8 h at a flow rate of 12.5 mL h-1.
Subsequently, Pd-free medium was pumped through the
columns for 12 h to flush any remaining aqueous Pd species.
While maintaining anaerobic conditions, approximately 1
cm3 subsamples of the sand were removed from the bottom
and top of the columns (approximately 5 cm below the top
surface of each end of the column) for X-ray microprobe
analyses (see below) in order to characterize the spatial
distribution and chemical speciation of any Pd associated
with the sand matrix. In a second stage, the influent growth
mediumwas spiked with 13mg L-1 Cr(VI) and continuously
pumped for 8 h at a flow rate of 12.5 mL h-1. The Cr(VI)
concentration of the effluent was determined every 2 h and
represents an average Cr concentration in the effluent over
2 h of collection. Upon completion of the experiment, the
sand was again sampled at the bottom and the top of the
columns for X-ray microprobe analyses of Pd and Cr spatial
distribution and chemical speciation.
Pd and Cr Speciation Determination. All micro X-ray
fluorescence (µXRF) imaging and micro X-ray absorption
near-edge structure (µXANES) spectroscopy measurements
were performed using themicroprobe beamline X27A at the
NSLS. Sand subsamples collected from the microcosm
experiments were dispersed in a thin, single grain layer on
a high purity silica disk and sealed with a polypropylene
film. Samples were secured to a x,y,z motorized stage 45° to
the incident beam and 13-element HGe Canberra fluores-
cence detector. The beam spot-size on the sample was
maintained at ca. 15 × 10 µm. Initially, two-dimensional
µXRFmaps (incident energy 24.6 keV, 0.01mm x,y step size)
recorded the spatial distribution of Pd fluorescence within
three 1 mm2 areas of each sample. Pd distribution maps
(backgroundsubtracted, integratedpeak intensity)wereused
to identify regions of interest to collect Pd and Cr K-edge
µXANESpoint spectra. A Si(311)monochromator crystalwas
usedduringallµXRFmappingandµXANESspectra collection
(0.5 and 0.1 eV step sizes through the Pd and Cr K-edge
regions, respectively). Pd and Cr XANES spectra were
calibrated to the first-derivative maximum of a Pdmetal foil
(24350 eV) andCrmetal foil (5989 eV), respectively. Identical
background subtraction and normalization to edge-height
processing was performed on all µXANES spectra of a given
element following standard methods (21).
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Results and Discussion
Formation of Pd Nanoparticles by C. pasteurianum BC1.
C. pasteurianum BC1 glycolysis produces fermentation
products includinghydrogen, acetate, butyrate, and formate
that create a highly reducing environment. When a culture
of C. pasteurianum BC1 (18 h, OD600 ) 0.6) was spiked with
aqueous Pd(II) at an initial Pd concentration of 100 mg L-1,
themediumturnedblackwithinoneminute, and theaqueous
Pd concentration was below a detection limit of 1 mg L-1.
In contrast, an abiotic control starting with 100 mg L-1
aqueousPd(II) in sterile growthmedia showedneither a color
change nor a reduction in Pd(II) ion concentration, and,
therefore, compounds in the growth medium do not sig-
nificantly complexwithPd(II) ions or contributemeasurably
to Pd(II) reduction. The black color change has previously
been reportedunder comparable conditionswithShewanella
oneidensis (3) and Desulfovibrio desulfuricans (4) as an
indicator of reductive precipitation of metallic Pd nanopar-
ticles. The reduction of greater than 99% Pd(II) by C.
pasteurianum BC1 within one minute is remarkably faster
than the rates reported for S. oneidensis andD.desulfuricans,
where black precipitates first appear after 5-10 min and
complete reduction is only observed after approximately 1 h
(3, 4).
Pd(II) toxicity toward C. pasteurianum BC1 was assessed
by equilibrating the medium with aqueous Pd(II) at initial
concentrations of 25, 50, 100, 200, and 500 mg L-1 Pd(II)
prior to inoculation. Enumeration by standard plate counts
showed that Pd(II) did not significantly inhibit bacterial
growth relative to a Pd-free culture at any of the Pd(II)
concentrations tested.Moreover, a black suspension formed
during the 48 h incubation period in all of the Pd-containing
cultures. Theseobservations indicate thatPd(II) didnot show
significant toxicity toward C. pasteurianum BC1 and that
bio-Pd nanoparticles also form during the growth phase. In
contrast, Pd(II) toxicity was observed with S. oneidensis,
although cells easily recovered and resumed growth when
a suitable electron donor was supplied (7).
The XANES and XRD results confirm that aqueous Pd(II)
ions were reduced to metallic Pd(0) and precipitated as
crystalline nanoparticles in the cultures of C. pasteurianum
BC1. The XANES spectra shown in Figure 1 compare bio-Pd
with an aqueous Pd(II) solution and a Pd(0) metal foil. The
coincidence of the edgepositions of the bio-Pd andPdmetal
foil (26,450 eV) and their shift relative to the edge position
of aqueous Pd(II) (26,452 eV) indicate that full reduction of
Pd(II) hasoccurred. TheX-raypowderdiffractograms (Figure
S1) compare a metallic Pd black standard with an air-dried
bio-Pd sample. The glass slide mount is responsible for the
broad peak in the bio-Pd diffractogram. The coincidence of
all Bragg diffraction peaks characteristic of metallic Pd
indicates that thebio-Pdnanoparticles are bothmetallic and
crystalline. The broadening of the bio-Pd peaks arises from
the nanoscale size of the bio-Pd particles and contrasts with
the sharp peaks of the Pd black particles that are larger than
200 nm.
SEM analyses shows that a significant portion of the bio-
Pd was deposited on the microbial surface (Figure 2A,B; see
Supporting Information (SI) Figure S2 for additional images).
Samples of bio-Pd, obtained after addition of 2, 20, 50, and
100 mg L-1 aqueous Pd(II) to a cell culture with an OD600 of
0.6,were analyzedbyTEM.Representative images are shown
in Figure 2C,D. TEM images indicate the Pd(0) nanoparticle
deposition occurs both on the cell wall and within the
cytoplasm of C. pasteurianum BC1, as opposed to S.
oneidensiswherenanoparticle depositionwasonly observed
on the cell wall and in the periplasm. In addition, electron-
dense precipitates in zones where no bacteria were present
appear to be amorphous Pd(0) precipitates and aggregates
that either formed on cell debris or resulted from the
destructionof cells duringTEMsamplefixationprocess. TEM
results also indicate that the starting Pd(II) concentration
for a given cell density does not systematically impact the
size-distribution of Pd nanoparticles. The size-distribution
of particles (11.8 ( 4.5 nm mean size; see SI Figure S3 for
nanoparticle sizedistributionhistogram) inall samplesvaried
from less than 1 to 15 nm. This result contrasts to earlier
findings for S. oneidensis, wheredecreasing the ratio of Pd(II)
concentration to cell dry weight produced smaller diameter
nanoparticles (7).
C. pasteurianum BC1 cultures, which were flushed with
Ar to purge the hydrogen produced by C. pasteurianum BC1
(biohydrogen) prior to Pd(II) solution addition, required 1 h
to achieve the colorimetric change indicative of bio-Pd
nanoparticle formation. This result suggests that the bio-
hydrogen produced by C. pasteurianum BC1 (see ref 16 for
gas production) contributes significantly to the relatively
rapid rate of bio-Pd formation. Although purging the excess
biohydrogen significantly reduces the rate of bio-Pd forma-
tion, C. pasteurianum BC1 in the stationary phase still
proceeds to complete reductiveprecipitationof Pd(II). These
observations suggest that the formationofbio-Pdcanproceed
via twoprimarymechanisms: (i) enzymatic reduction,which
is responsible for Pd(II) reduction in the absence of biohy-
drogen, and (ii) chemical reduction,wherebyPd(II) is reduced
by biogenic hydrogen.
Catalyzed Cr(VI) Reduction in Liquid Batch Cultures.
The second phase of the research investigated the catalytic
properties of the bio-Pd nanoparticles by adding 26 mg L-1
chromate to a batch culture approximately 30 min after
addition of 100 mg L-1 of aqueous Pd(II), and, therefore,
after bio-Pd formation is complete. The concentration of
freechromate ionswasdeterminedusingspectrophotometric
analysis as a function of time. Figure 3 shows that 45 ( 4%
of the Cr(VI) was removed after 10 min. Subsequently, the
removal rate decreased and a removal of 73 ( 9% was
observed after 72 h, at which point the viability and growth
potential indicated that it hadundergonecomparable growth
to a pure culture. Control experiments in which 26 mg L-1
Cr(VI)was added toautoclavedor viablebutPd-freebacterial
cultures (OD600 ) 0.6) showed no Cr(VI) removal during the
first 2 h and 30 ( 3% and 28 ( 3% Cr(VI) removal after 72 h,
respectively. The ‘viable control’ and a pure culture showed
equivalent growth to afinalOD600)1.15 after 72h, indicating
that Cr(VI) addition did not affect growth. The absence of
significantCr(VI) removal during thefirst hours in the ‘viable
control’ indicates that growing C. pasteurianum BC1 is not
capable of removing Cr(VI) in the absence of bio-Pd. The
thirty percent Cr(VI) removal observed after 72 h in both
FIGURE 1. XANES spectra of fully hydrated bio-Pd biomass
pellet sample, Pd(II) aqueous solution, and Pd(0) metal foil
indicating the zerovalent, metallic nature of the biogenic
palladium precipitates.
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autoclaved and viable controls is consistent with a simple
adsorptionmechanism.Moreover, XANES spectra of the Pd-
free controls after 72 h did not show measurable Cr(VI)
reduction,where thepre-edgepeak to step edge-height ratio
wasequivalent to the100%Cr(VI) standardaqueous solution.
The similar Cr(VI) removal rates observed for the autoclaved
and viable Pd-free controls suggest that Cr(VI) removal
occurred via adsorption on the biomass and that the
combination of bio-Pd and viableC. pasteurianumBC1 cells
are required to efficiently reduce Cr(VI) to Cr(III).
The reaction product of the Cr(VI) reduction by bio-Pd
and biogenic hydrogen was studied using XANES spectros-
copy. Figure 4D compares the XANES spectra of the Cr(III)-
containing compound CrOOH and an aqueous chromate
solution with the XANES spectrum of the wet concentrated
biomass pellet of bio-Pd and viableC. pasteurianumBC1 8 h
after injection with 26 mg L-1 of chromate. The absorption
edge energy of a XANES spectrum, which is conventionally
defined as the first inflection point in the rising edge of the
spectrum, is used to compare oxidation states of a given
element. Theadsorptionedgeenergies of theCr(III) standard
(6000 eV) and the Cr species within the bio-Pd suspension
(6002 eV) are both shifted to lower energies relative to the
chromate standard solution (6010 eV). The most diagnostic
feature, however, is the sharp pre-edge feature in the XANES
spectrumof thechromate standardsolution,which isabound
state electronic transition that is forbidden in Cr(III) atoms.
The absence of this pre-edge feature in the bio-Pd biomass
sample spectrum indicates the complete reduction of
chromateand the formationofCr(III)-containingprecipitates
associated with the bio-Pd biomass.
TheCr(VI) reductionbychemicallyproducedandbiogenic
Pd nanoparticles using externally added hydrogen gas or
formate as electron donor was shown previously (10, 22). In
the current study a very fast initial removal rate of 7.2 gCr(VI)
g-1 Pd h-1 () 140 nmol mg-1 Pd h-1) was observed, followed
by a much slower reaction rate of 1 mg Cr(VI) g-1 Pd h-1.
Humphries and Macaskie observed a similar two-stage
reduction kinetics using bio-Pd generated by Desulfovibrio
vulgaris (23). Theseauthors, however, reporteda significantly
higher initial reduction rate (600 nmol mg-1 Pd h-1). A
comparison of the relative catalytic activity of C. pasteur-
ianum bio-Pd andD. vulgaris bio-Pd is not instructive given
the absence of information about D. vulgaris bio-Pd nano-
particle size, which is required to normalize the rates to
surface area. In addition, TEM images suggest that the
distribution of bio-Pd nanoparticles in the bacterial carrier,
and thus, the accessible reactive surface area might differ
significantly between the two systems. In the case of C.
pasteurianum BC1, bio-Pd nanoparticles not only decorate
the cell surface but are also located within the cytoplasm,
where they are less available for reaction with chromate. In
contrast, the bio-Pd nanoparticles formed byD. vulgaris are
predominantly located on the cell wall, a distribution that
will result in a higher active Pd surface area (24). The very
fast initial removal rate may be inhibited by two important
factors: (i) theprecipitationofCr(III)-hydroxideon the active
Pd surface may poison the catalyst and (ii) the exhaustion
of reactive hydrogen specieswhich had been loaded into the
bio-Pdnanoparticlesduring fermentation.The latter reactive
FIGURE 2. Scanning (A, B) and transmission (C, D) electron microscopy of bio-Pd formed by C. pasteurianum BC1.
FIGURE 3. The catalytic activity of bio-Pd (100 mg L-1 initial
aqueous Pd(II)) with respect to Cr(VI) reductive precipitation
shown as the removal of Cr(VI) from solution (Cr(VI) initial
concentration of 26 mg L-1) as a function of time. Controls
consisted of heat-killed and viable C. pasteurianum BC1 cells
without Pd(II) addition. Mean Cr(VI) concentrations with 2σ
standard deviation from triplicate batch cultures are shown.
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biogenichydrogen species arepresumably consumedwithin
the first ten minutes during the fast reaction kinetics.
Twocontrol experiments suggest that the in situbiological
production of H2 by C. pasteurianum BC1 is essential for
both the formationof thebio-Pd catalyst and the subsequent
reduction of Cr(VI). First, a culture flushed with Ar prior to
Pd(II) addition formsPdnanocatalystsata significantly slower
rate thananonpurged culture. Second, an equivalent culture
flushedwithAr immediately followingbio-Pd formationdoes
not reduce chromate. This second control implicates hy-
drogen as the electron donor in the reduction of Cr(VI) to
Cr(III) at the surface of the bio-Pd catalyst. The introduction
of exogenous hydrogen gas following the Ar-flush of this
second control failed to restore the catalytic properties of
the bio-Pd, and the catalytic reduction of chromate was not
observed. These observations all suggest a novel process
where the in situmicrobial productionofhydrogen is directly
coupled to the catalytic bio-Pd mediated reduction of
chromate. Previous studies reported a two-step process,
where bio-Pd is produced in a growing culture in the first
step, and then the biomass-associated bio-Pd is charged by
exogenous hydrogen donors such as formate and hydrogen
gas in a second step (25). In the case of C. pasteurianum,
both stepsare combined toproduceabio-Pdcatalyst charged
with active hydrogen species, which are immediately con-
sumable in the reductive precipitation of aqueous Cr(VI).
Chromate Reduction in Aquifer Microcosms. Aquifer
microcosm experiments were designed to test the ap-
plicability of in situ cogenerationof bionanoparticle catalysts
and biohydrogen for the remediation of chromate-contami-
nated groundwater plumes. Three sand-packed columns
(viable bio-Pd, viable Pd-free, and sterile abiotic control),
which were prepared following the steps described in the
Materials and Methods section, were compared for their
chromate removal capacity. First, C. pasteurianum BC1
microbial communities were established in the two viable
columns. The viable bio-Pd and sterile abiotic control
columns then received 29 µg of Pd(II) per gram of sand by
introducing 50 mg L-1 Pd(II) into the influent. The µXRF
imageshown inFigure4Bshows thedistributionofPdspecies
at the surfaces of sand grains (optical image of sand grains
shown in Figure 4A) in a subsample from the viable bio-Pd
aquifer microcosm. The spatial distribution of Pd is repre-
sentative of all sand subsamples collected from both the top
and bottom of the viable bio-Pd aquifer microcosm. The Pd
“hotspots” in the µXRF images are generally correlated with
high Zn fluorescence (data not shown), which we found to be
a good proxy for biomass buildup on the sand grains because
Zn fluorescence was found to be below background levels on
sandgrainsfromthesterilecontrolcolumn.TheµXANESspectra
shown in Figure 4C indicate metallic Pd is present at the sand
grain surface. These results confirm the in situ formation of
bio-Pd nanoparticles. The addition of Pd(II) to the formalde-
hyde-treated sterile abiotic control aquifermicrocosm did not
result in the formation of metallic Pd(0) nanoparticles, con-
firming the important role of C. pasteurianum BC1 in the in
situ formation of the Pd(0) nanocatalysts.
The viable bio-Pd aquifer microcosm showed efficient
removal of Cr(VI), which was measured as the Cr(VI)
concentration in 2 h of accumulated effluent, maintaining
the Cr(VI) concentration in the effluent at 0.2 mg L-1 while
flowing an influent groundwater containing 13 mg L-1
chromate for 8 h. In contrast, the sterile abiotic control
columnshowedbreakthroughof 6mgL-1 after 2 h, complete
breakthrough after 4 h, and 83% of the Cr(VI) was recovered
in the effluent after 8 h. Figure 4D shows a representative
µXANESspectrumofCr ‘hotspots’ associatedwith sandgrains
from the viable bio-Pd column that confirm the reduction
of chromateand the formationof immobilizedCr(III) species.
The viable Pd-free control column did lower the Cr(VI)
concentration in the effluent to 5.6 mg L-1. However, in this
case the Cr(VI) was likely removed by adsorption to the
FIGURE 4. Optical image of sand grains containing black precipitates (A), µXRF of Pd distribution (B), and µXANES Pd (C) and Cr (D)
K-edge spectra, respectively, showing the presence of Pd(0) and Cr(III) associated with sand grains. (D) Also contains µXANES
spectra of Cr after treatment with bio-Pd in liquid batch cultures and standard spectra for Cr(VI) (aqueous chromate) and Cr(III)
(CrOOH solid) oxidation states.
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biofilm-coated sandgrains, given that thebatch experiments
demonstrated that C. pasteurianum BC1 does not reduce
Cr(VI) in the absence of bio-Pd. Moreover, in contrast to the
viable bio-Pd aquifermicrocosm, µXRF images did not show
Cr ‘hotspots’, andµXANESspectradidnot showanyevidence
of Cr(III) species.
This is the first study to report on the formation of biogenic
Pdnanoparticles by amicrobial community growing on sandy
aquifer material. In previous studies, bio-Pd was formed by
free-livingpureculturesunderoptimal conditionsofnutrition,
temperature,andredoxconditions (25).Moreover, thecatalytic
properties of bio-Pd were until now always tested in aqueous
matrices and not in aquifer microcosms. These observations
open perspectives for a remediation technology consisting of
injecting Pd(II) into an aquifer with the formation of bio-Pd
nanoparticles. The fermentation process of C. pasteuranium
BC1 or other autochthonous bacteria could charge the bio-Pd
with reactive hydrogen species and hence make an external
supply of hydrogen donors such as hydrogen gas or formate
unnecessary. In this way, one can avoid the technical and
economical complications related to a homogeneous supply
of ex situ produced bio-Pd and of a hydrogen donor to a
contaminated site. Although the longevity of bio-Pd remains
to be demonstrated, these results demonstrate how nanocata-
lysts might be used to significantly improve Cr(VI) removal
ratesover traditional insitubiostimulationstrategies,aconcept
that canbe furtherexploited for the remediationofotherheavy
metals, radionuclides, and organic contaminants.
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